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annual	 influx	of	 immunologically	 naïve	 individuals),	 (2)	 short-term	 immunity,	 (3)	






winter,	 the	 local	 resident	mallard	 community	 also	 held	migratory	mallards	 that	
exhibited	distinct	AIV	infection	dynamics.
4.	 Replacement	of	migratory	birds	during	peak	migration	in	autumn	was	found	to	be	





5. Synthesis and applications.	Our	analysis	reveals	a	key	mechanism	that	could	explain	
the	amplifying	role	of	migratory	birds	in	local	avian	influenza	virus	infection	dy-
namics;	the	constant	flow	and	replacement	of	migratory	birds	during	peak	migra-
tion.	 Apart	 from	 monitoring	 efforts,	 in	 order	 to	 achieve	 adequate	 disease	










(Altizer,	 Bartel,	 &	 Han,	 2011).	 During	 their	 migratory	 journey	 mi-
grants	may	encounter	a	broad	range	of	parasite	species	and	strains,	
thereby	 increasing	 the	 likelihood	 of	 transmitting	 novel	 parasites	





























within	 the	 population.	 We	 start	 with	 a	 very	 basic	 demographic	
and	epidemiological	model,	gradually	increasing	the	complexity	by	





seasonal	 variation	 in	 the	 timing	 of	 birth,	 resulting	 in	 a	 pulsed	
influx	 of	 immunologically	 naïve	 juveniles	 (Begon	 et	al.,	 2009;	
Hosseini,	Dhondt,	&	Dobson,	2004).	Such	seasonal	birth	pulses	
have	 been	 shown	 to	 both	 precede	 annual	 peaks	 in	 infection	
prevalence	in	wildlife	(Avril	et	al.,	2016;	Hinshaw,	Wood,	Webster,	
Deibel,	 &	 Turner,	 1985;	 Peel	 et	al.,	 2014),	 and	 be	 fundamental	
to	 producing	 these	 dynamics	 in	 empirically	 validated	 models	
(Begon	 et	al.,	 2009;	 He,	 2005;	 Hosseini	 et	al.,	 2004).
2. Short-term immunity:	The	vast	majority	of	 theoretical	AIV	 infec-
tion	studies	assume	long-term	or	even	permanent	immunity	(e.g.	
Galsworthy	 et	al.,	 2011;	 Nickbakhsh,	 Matthews,	 Reid,	 &	 Kao,	
2014).	 In	 fact,	 the	 immune	response	to	AIV	within	 the	host	ap-
pears	to	be	sufficient	to	attenuate	the	duration	and	the	intensity	
of	subsequent	infections	(Fereidouni	et	al.,	2010;	Jourdain	et	al.,	
2010).	However,	 the	 relatively	weak	antibody	 response	may	be	
short	term	and	antibodies	might	be	detectable	for	a	few	months	
only	 (Hoye	 et	al.,	 2011;	 Kida,	 Yanagawa,	 &	 Matsuoka,	 1980;	
Samuel	et	al.,	2015).
3. Increase in susceptible migrants:	A	 key	 feature	 that	 put	migrants	
into	the	spotlight	of	infectious	disease	dynamics	is	the	fact	that	
they	 visit	 disparate	 locations	 throughout	 their	 annual	 cycle	
(Altizer	et	al.,	2011).	In	combination	with	the	rather	strain-specific	








becoming	 infected	 with	 AIV	 after	 contact	 with	 an	 infectious	
individual.
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diversity	in	migratory	strategy.	At	one	extreme,	all	individuals	of	
a	 population	may	 have	 an	 identical	 spatial-temporal	 pattern	 in	
their	 migration	 (e.g.	 Orell,	 Erkinaro,	 Svenning,	 Davidsen,	 &	
Niemela,	 2007;	 Stanley,	 MacPherson,	 Fraser,	 McKinnon,	 &	
Stutchbury,	2012),	while	at	the	other	end	of	the	spectrum,	indi-
viduals	migrate	within	a	broad	time	window	and	may	not	neces-









individuals	 (Delany	&	Scott,	 2006).	 The	 species	 is	 also	 considered	
to	be	the	major	AIV	reservoir	in	the	wild	(Webster,	Bean,	Gorman,	
Chambers,	 &	 Kawaoka,	 1992).	 Mallards	 are	 partially	 migratory,	
meaning	that	the	population	consists	of	both	migratory	and	resident	




2.2 | Study site and sampling
Detailed	 description	 of	 the	 sampling	 diagnostic	 methods	 can	
be	 found	 in	van	Dijk,	Hoye,	et	al.	 (2014).	 In	short,	mallards	were	
caught	 using	 swim-	in	 traps	 of	 a	 duck	 decoy	 (Payne-	Gallwey,	
1886)	 located	 near	 Oud	 Alblas	 (4°42′26′′E,	 51°52′38′′N),	 the	
Netherlands.	Sampling	took	place	from	March	2010	until	February	
2011.	On	average,	the	duck	decoy	was	visited	six	times	per	month,	
capturing	c.	 15	 individuals	 per	 visit,	 resulting	 in	 a	 total	 of	 1,109	















the	 components	 Susceptible	 (S),	 Infectious	 (I)	 and	 Recovered	 (R)	
(Figure	1).	Infections	are	generally	thought	to	be	density	dependent	
(McCallum,	Barlow,	&	Hone,	2001),	and	modelled	with	a	transmis-
sion	 term	 β,	 describing	 the	 rate	 at	which	 susceptible	 birds	 (S)	 be-
come	 infected	 through	 direct	 or	 indirect	 contact	 with	 infectious	




water	 (e.g.	 Stallknecht,	 Shane,	 Kearney,	 &	 Zwank,	 1990),	 because	
environmental	transmission	can	potentially	occur	after	infectious	in-
dividuals	have	left	the	site.	However,	background	transmission	was	









the	 infectious	 compartment	 (I)	 to	 the	 recovered	 compartment	 (R). 
Loss	 of	 immunity	 occurred	 at	 rate	σ,	 transferring	 individuals	 from	
the	 recovered	 (R)	 to	 the	susceptible	 (S)	 compartment.	Arriving	mi-
grants	were	 allocated	 across	 the	 susceptible	 (S),	 infectious	 (I)	 and	
recovered	(R)	compartments	in	the	same	proportions	as	the	resident	
population.
The	demography	was	modelled	as	an	 integral	part	of	 the	SIR 
model,	with	separate	differential	equations	describing	the	migrant	
and	 resident	 population.	 The	 basic	 model	 assumed	 a	 resident	
population	 of	 700	 adult	 individuals,	 reflecting	 the	 approximate	
number	of	 residents	 observed	 at	 the	 study	 site	 (van	Dijk,	Hoye,	
et	al.	 2014.	Birth	 rate	 (B(t))	was	modelled	 for	 residents	only	 and	
followed	 a	 normal	 distribution,	 defined	 by	 mean	 day	 of	 birth	
(Bmean)	 and	 its	 standard	 deviation	 (Bsd),	 which	was	multiplied	 by	
the	number	of	breeding	pairs	(0.5	×	Npop,	i.e.	half	the	resident	pop-




















































































































































3. Increase of susceptible
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modification,	short-term immunity,	did	not	require	a	structural	change	














we	 lack	 data	 since	 these	 are	 often	 difficult	 or	 even	 impossible	 to	
measure.	 For	 “non-	fixed”	 parameters	 we	 defined	 a	 likely	 range	
(Table	1)	over	which	they	were	allowed	to	vary	during	model	simu-




0.63	 hatchlings	 per	 pair	 (Nhatch).	 This	 value	 ensured	 a	 stable	 pop-
ulation	 size	 over	 time	 given	 a	 natural	 daily	 mortality	 rate	 (m)	 of	
8.63	×	10−5,	which	was	based	on	a	life	expectancy	of	2.27	years	for	
mallards	(Schekkerman	&	Slaterus,	2008).	AIV	transmission	rates	(β)	
in	wildlife	 populations	 are	 largely	 unknown,	 therefore	we	 chose	 a	
broad	range	for	β,	making	sure	that	the	basic	reproduction	number	








γ Recovery	rate 1/12	to	1/3 day−1
σ Immune	rate 0.0013	to	0.013 bird−1 day−1
η Background	transmission	rate 10−5 day−1
Bmean Mean	day	of	birth 135	to	220 day	of	the	year
Bsd Standard	deviation	of	birth 0.5	to	25 days
Nhatch Number	of	hatchlings	per	pair 0.63 individuals
Prmig Ratio	of	migrants	to	residents 0.5	to	4 proportion




m Mortality	rate 0.315/365 bird−1 day−1
1
Npulse Number	of	hatchlings	per	pair 4 individuals
mjuv Juvenile	mortality	rate Estimated bird
−1 day−1
2
σs Short-	term	immunity	rate 0.0013	to	0.066 bird
−1 day−1
3

































































2.3.4 | Simulation and model fit
To	allow	demographic	and	infection	patterns	to	stabilise,	all	models	
were	run	over	ten	annual	cycles,	where	the	last	cycle	was	used	for	
comparison	with	 the	 empirical	 patterns	 observed	 in	 the	 field.	All	
possible	model	scenarios	(n	=	32)	were	written	in	C++	and	compiled,	
as	well	as	integrated,	using	the	“ode”	method	in	r	Package	deSolve	
(Soetaert,	 Petzoldt,	 &	 Setzer,	 2010).	 To	 estimate	 parameter	 val-
ues,	their	relative	importance	and	uncertainties,	we	used	a	Markov	






principal	 change	 along	 the	 ridges	 in	 the	posterior	 landscape.	 The	
acceptance	 rate	 is	 improved	by	 the	 delayed	 rejection	 part	 of	 the	





costs”	 defined	 as	 the	 negative	 sum	 of	 the	 log-	binomial	 densities	


















compared	with	 the	pooled	predicted	prevalence	 in	both	 residents	
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The	 replacement of migrant	 modification	 was	 the	 best	 modifi-




the	 other	 three	 modifications	 across	 the	 32	 scenarios	 ranked	 by	
their	WAIC	value	(Figure	2).
3.2 | Parameter estimates












notably	 true	 for	 scenarios	missing	 the	4th	and	 the	5th	modification	
when	short-	term	immunity	was	the	mechanism	that	could	elevate	the	
prevalence	 levels	during	 the	 late	 summer	and	autumn	period.	 In	 al-
most	all	scenarios,	the	ratio	of	migrants	to	residents	(Prmig)	was	highly	
skewed	towards	migrants:	3–4	times	the	resident	population.
In	 general,	 across	 the	 first	 16	 scenarios	 that	 included	 the	 5th	
replacement of migrants	 modification,	 the	 arrival	 peak	 of	 migrants	
(Amean)	occurred	relatively	early	(low	Amean)	with	respect	to	the	pre-
set	 window	 (early	 August).	 In	 contrast,	 without	 this	 modification,	
peak	arrival	dates	occurred	in	mid-	October.	The	shape	of	the	arrival	
curve	(Asd)	was	consistently	in	the	lower	half	of	the	preset	parameter	
range	and	was	particularly	 low,	 that	 is,	 reflecting	a	quick	and	syn-




































































2,500	MCMC	 iterations	 to	 illustrate	 the	 potential	 correlation	 be-
tween	parameters.	In	the	best	ranked	model	scenario	(rank	1)	that	
included	the	2nd	short-term immunity,	the	4th	differential susceptibil-
ity	 and	 the	5th	 replacement of migrants	modification,	many	param-












Mathematical	modelling	 has	 great	 potential	 to	 probe	 the	 complex	
dynamics	 of	 infectious	 diseases	 and	 identify	 the	 mechanisms	 of	




that	have	been	suggested	 to	drive	 local	AIV	dynamics	 in	wild	bird	
populations.	To	evaluate	these	mechanisms,	we	fitted	the	predicted	
infection	 dynamics	 to	 a	 unique	 sampling	 dataset	 of	 a	 year-	round,	











































































































are	 a	number	of	high-	profile	 studies	 stressing	 this	 case	 (Hill	 et	al.,	
2016;	 Lycett	 et	al.,	 2016;	 Verhagen,	 Herfst,	 &	 Fouchier,	 2015).	 In	





grate	 highly	 synchronised	 and	 visit	 stop-	over	 sites	 all	 at	 once,	 or	
they	may	differ	in	their	timing	leading	to	several	waves	of	migrants	




This	 is	 likely	 to	 lead	 to	 the	mechanisms	behind	migratory	 replace-
ment	 used	 as	 a	 modification	 in	 our	 model:	 arriving	migrants	 stay	
in	 the	 area	 for	 a	 limited	period	of	 time	after	which	 they	move	on	
and	are	 replaced	by	newly	 arriving	 individuals.	As	 a	 consequence,	
individuals	 that	 have	 acquired	 some	 degree	 of	 protection	 against	
reinfection	by	means	of	AIV-	specific	antibodies	 (either	due	to	AIV	
exposure	prior	to	arrival	or	at	the	study	site	itself),	are	replaced	by	
potentially	susceptible	 individuals	 that	may	perpetuate	or	even	 in-
vigorate	local	transmission	dynamics.
Besides	 the	 strong	 effect	 of	 the	 replacement	 of	migrants,	 the	
models	with	better	predicting	power	also	included	the	modification	




exclusive	 mechanisms	 that	 may	 explain	 why	 the	 better	 predict-
ing	 models	 had	 an	 increased	 susceptibility	 in	 individual	 migrants.	
Empirical	studies	have	shown	that	the	physiological	challenges	ac-
companied	with	migration,	 including	a	potential	 trade-	off	with	the	
immune	 system,	 can	 reduce	 their	 immunocompetence	 and	 render	







infection	 dynamics	 of	 resident	 populations	 through	 their	 often	




migration	 is	 a	 large-	scale	 multi-	species	 phenomenon,	 this	 might	
more	 generally	 be	 the	 case	 and	 it	 questions	 the	 hypothesis	 that	
migrants	 only	 have	 a	 role	 in	 dispersing	 and	 introducing	 AIVs	 and	
thereby	affecting	resident	populations.
Most	 Northern	 Hemisphere	 AIV	 surveillance	 studies	 in	 wild	
bird	 populations	 show	 similar	 patterns	 of	 pronounced	 late	 sum-
mer	—	 early	 autumn	 infection	 peaks	 (e.g.	Hénaux,	 Parmley,	 Soos,	
&	Samuel,	2013;	Lisovski,	Hoye,	&	Klaassen,	2017;	Munster	et	al.,	
2007).	 Clearly,	 our	model	 scenarios	 are	 ranked	 by	 their	 ability	 to	
capture	this	pronounced	feature	within	the	entire	annual	infection	











to	 residents	 (Prmig)	 and	 the	 amplitude	 of	 migratory	 replacement	
(Ramp).	However,	the	correlation	between	such	potentially	important	
parameters	also	indicates	that	we	require	more	information	to	nar-





































































AIV	compared	 to	adults.	Hénaux	et	al.	 (2013)	 in	particular	 showed	




tible	pool	and	contributed	 to	 the	 transmission	dynamics.	Although	
knowledge	 on	 the	 number	 of	 migrants	 among	 adults	 was	 not	 in-
cluded	in	that	study,	our	results	raise	questions	whether	accounting	
for	the	underlying	geography	of	the	locations	at	which	the	birds	were	
sampled,	 including	associated	differences	 in	 their	migration	strate-






















to	 AIV	 infection	 contrasting	 findings	 from,	 for	 example,	 chickens	
(Kida	et	al.,	1980)	and	can	quickly	be	reinfected	with	the	same	AIV	







existence	of	 such	 transmission	heterogeneity	 for	AIV	 among	 con-
specifics	within	wildlife	populations	 is	 thus	 far	 lacking.	Finally,	 the	
nature	of	the	empirical	dataset	that	we	used,	for	example,	one	an-
nual	 cycle	 at	one	 location	 for	one	bird	population,	might	 limit	our	
ability	 to	extrapolate	our	 findings.	However,	 the	 temporal	pattern	
and	amplitude	of	the	epizootic	is	comparable	to	what	has	been	found	
in	other	studies	in	north-	western	Europe	(e.g.	Munster	et	al.,	2007)	
and	 temperate	 areas	 in	 North	 America	 (e.g.	 Lisovski	 et	al.,	 2017).	
Interestingly,	despite	some	profound	geographical	variation	 in	AIV	
infection	patterns	(Gaidet	et	al.,	2012;	Lisovski	et	al.,	2017),	globally	
the	drivers	 for	 those	patterns	 in	AIV	prevalence	appear	 to	be	 the	
same.
4.1 | Management implications





low	 pathogenic	 AIV	 is	 sometimes	more	 readily	 circulating	 among	
domestic	 than	 wild	 birds	 (Hassan,	 Hoque,	 Debnath,	 Yamage,	 &	
Klaassen,	2017).	 Irrespectively,	wild	birds	and	notably	birds	of	the	
order	 Anseriformes	 (ducks	 and	 geese)	 are	 the	 ancestral	 reservoir	
host	for	AIV	(Caron,	Capelle,	&	Gaidet,	2017)	and	remain	of	key	im-
portance	for	global	AIV	diversity	(Alexander,	2007),	notably	in	the	
face	 of	 readily	 reassorting	 high	 pathogenic	 AIV	 virus	 such	 as	 H5	
clade	2.3.4.4	(Lee,	Bertran,	Kwon,	&	Swayne,	2017).	Anseriformes	
also	 play	 a	 major	 role	 in	 the	 dispersal	 of	 AIV	 (Alexander,	 2007),	
including	 dispersal	 of	 highly	 pathogenic	 strains	 (e.g.	 Lycett	 et	al.,	






complex	 dynamics	 of	 host–pathogen	 interactions	 to	 help	 identify	
the	mechanisms	of	 transmission,	 enabling	prediction	 and	possibly	























Therefore,	 we	 believe	 that	 besides	 unravelling	 the	 mechanistic	
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